The fall armyworm, Spodoptera frugiperda (Smith) (Lepidoptera: Noctuidae), is a major pest of maize and frequently demands control measures. The timing of insecticide application is a key factor in determining its efficiency, so an experiment was designed to investigate this. Application of insecticide was based on three criteria: (i) the number of trap-caught moths in a Delta-type trap with a commercial sex pheromone lure placed in the center of the target area, soon after plant emergence; (ii) the percentage of plants exhibiting pinhole-type damage (10% or 20%), and (iii) the percentage of plants exhibiting shot hole-type damage (10% or 20%) compared to a check plot without any control measures. We found that the number of trap-caught moths was, compared to the other methods, the
Introduction
The fall armyworm (FAW), Spodoptera frugiperda (Smith) (Lepidoptera: Noctuidae), is indigenous to the tropical regions of the western hemisphere, from Argentina to the USA, and is a major pest of maize in Brazil (Cruz 1995) . Estimates suggest that over 400 million dollars of maize production are lost annually through crop damage . FAW is considered to be a generalist feeder, exploiting a very wide host range of plants in several families (Yu et al. 2003; Rojas et al. 2004; Wyckhuys and O'Neil 2006) . In Brazil, the insect is also an important pest of cotton.
Infestation levels by larvae of FAW can cause a 15-73% reduction in maize yield (Cruz and Turpin 1982, 1983; Cruz et al. 1996 Cruz et al. , 1999 Hruska and Gould 1997; Figueiredo et al. 2006) . Synthetic pesticides are used to control the pest. However, the incorrect use of chemical pesticides by resource-poor rural growers may result in toxic exposure of farm workers (McConnell and Hruska 1993; Hunt et al. 1999) as well as significant environmental damage (Tinoco-Ojanguren and Halperin 1998).
Owing to the development of pest populations with varying degrees of resistance, FAW has become increasingly economically important (Pacheco-Covarrubias 1993) . Alternatives for managing this pest are currently being explored, including the use of biological control agents (Rezende et al. 1995; Cruz et al. 1997 Cruz et al. , 2002 Figueiredo et al. 1999; Cisneros et al. 2002; Mendez et al. 2002; Molina-Ochoa et al. 2003) , cultural techniques (Cruz et al. 1996 Farias-Rivera et al. 2003) , host-plant resistance (Yu et al. 2003) , genetically modified crops (Fernandes et al. 2003) , and pheromones (Malo et al. 2001; Batista-Pereira et al. 2006) .
In Brazil, most control measures against S. frugiperda, when adopted, involve the spraying of chemical insecticides, usually without consideration of the environmental consequences (Cruz 1995) . Costa et al. (2005) found that in order to achieve effective control of S. frugiperda in maize and sorghum, two applications of pesticides should be made. The first application should take place 19 d after plant emergence (DAE), when the plants are at the vegetative stage V4 (four leaves completely expanded), and the second application at 47 DAE, without regard to pest density. Albuquerque et al. (2006) , applying the insecticide tiametoxam + lambda-cyhalothrin as a foliar treatment at 8 d after plant emergence, achieved 86% pest control 7 d after spraying. Application of lufenuron at 12 DAE, when the leaves were scraped and perforated by FAW larvae reported in the same evaluation period, provided 75% pest control. Tomquelski et al. (2007) reported over 80% FAW larval mortality from Spinosad in two applications, the first at 15 DAE applied to maize, and the second 7 d afterward.
A sequential sampling plan, based on Taylor's power law, also has been proposed to inform decision-making about FAW control in maize (Farias et al. 2001 ). According to Farias et al. (2001) , a minimum of 15 samples should be taken before any decision should be made. The proposed method involves destroying the plant in order to observe the larvae located in the maize leaf whorl. No consideration was given to efficiency and cost.
Pheromones have been used for insect monitoring, mass-trapping, and mating disruption of a great diversity of insect pests. The female-produced sex pheromone of S. frugiperda is commercially available in several countries, including Brazil. Pheromones have been a useful tool for monitoring male populations (Mitchell et al. 1985 (Mitchell et al. , 1989 Adams et al. 1989; Pair et al. 1989; Lopez et al. 1990; Gross and Carpenter 1991; Weber and Ferro 1991; Malo et al. 2004; Batista-Pereira et al. 2006) . Monitoring with pheromone traps is useful because pest pressure varies from farm to farm and over time. Knowledge of when and where adult pests are active and abundant provides a sensitive early-warning system to enable field sampling and/or control measures to be initiated at the appropriate time. Knowing whether or not pests are present allows the grower to avoid unnecessary pesticide applications or time-consuming sampling, and gives advance warning to protect crops when moth flights are first detected (Cruz et al. 2010b) .
Traps catch only adult male moths but the plant damage is inflicted by larvae. Therefore, we cannot simply count moth numbers in the traps and ignore other factors such as temperature and crop growth stage, and even natural control. Trap captures are positively correlated with wind speed and temperature, and negatively correlated with relative humidity (Rojas et al. 2004) . Using pheromone traps to monitor FAW adults is the best means of deciding on the number of pesticide applications necessary to control the pest in maize (Cruz et al. 2010a) .
A study of the biology of the FAW (Cruz 1995) suggests that from egg mass deposition to approximately 10 d after the FAW larvae emerge will be between the third and the fourth instars and still very susceptible to the chemical insecticide, and also susceptible to the action of different species of natural enemies, but before significant plant damage is inflicted.
The first application of one pesticide should not be made immediately; rather, only 10 d after the capture of the three or more moths in the trap (Cruz 2008) . If a second or third application is necessary, the pesticide's residual period of action should be considered. For example, for a four-day residual period the second pesticide application should be at least 14 d after the first one. In addition to effectiveness, the choice of the insecticide to be used in an integrated pest management program should present little or no harm to nontarget organisms, such as the pest's natural enemies and pollinators.
The aim of our study was to examine the effectiveness of a chemical insecticide applied to maize plant to control FAW larvae, based on three decision tools.
Materials and methods
The experiment was carried out at the Embrapa Corn and Sorghum Research Center, in Sete Lagoas, Minas Gerais State, Brazil. Plots of the maize hybrid BRS 1030 were laid out in a randomized block design, with seven treatments and six replications. Each plot comprised 10 rows, 10 m long and were irrigated as needed. Plots within each block were separated from one another by 10 maize rows, 10 m long. Between blocks, the separation was made by 14 maize rows, 10 m long.
The decision as to when a standard chemical insecticide should be applied was based on three different criteria: (i) the number of captured adult insects in pheromone traps, (ii) the percentage of plants showing pinhole-type damage, and (iii) the number of plants showing shot hole-type damage. More specifically, the treatments were: 1) Insecticide application at 10 d after the capture of three S. frugiperda adult moths in a pheromone trap (FT1). 2) Two insecticide applications: the first one as FT1 and the second application (FT2) after the capture of three S. frugiperda adults, initiating the counting in the trap on the fourth day after the first insecticide application. 3) Insecticide application at 10% of plants with pinhole-type damage. 4) Insecticide application at 20% of plants with pinhole-type damage. 5) Insecticide application at 10% of plants with shot hole-type damage. 6) Insecticide application at 20% of plants with shot hole-type damage. 7) Check plot.
A commercial lure, produced by Chemtica International (Bio Spodoptera) and placed inside a Delta-type trap, was placed in the center of the plot, soon after plant emergence. It was fastened by a wooden stem at an initial height of 1 m above the soil surface. As the plants grew, the trap was lifted upward, so that it was always above the plants.
The insecticide "Tracer" (Spinosad) was applied as an aqueous suspension at 50 mL per hectare, using a backpack-manual sprayer at 40 psi (2.8 kg/cm 2 ) and a regular flat fan nozzle (Cruz and Santos 1984) . Spraying was carried out in the morning, between 08:00 and 10:00 h. This insecticide is widely used in Brazil, being legally registered for managing insect pests of several crops of economic importance, such as beans, citrus, coffee, corn, cotton, potato, sorghum, soybeans, and tomato. The commercial product comprises molecules-"spinosyns"-which have high insecticidal activity, especially against Lepidoptera (Crouse et al. 2001) , but low toxicity to mammals (Bret et al. 1997; Sparks et al. 1998; Yano et al. 2002; Williams et al. 2003) . Studies in sweetcorn have shown Spinosad to be very effective against the European corn-borer, while conserving its natural enemy complex (Musser and Shelton 2003) .
Evaluations of the number of insects captured in the traps as well as the percentage of plants with pinhole-or shot hole-type damage were made daily. To determine the infestation level based on type of damage in each corresponding plot, two rows of maize were chosen at random. The percentage of infested plants was determined visually in these rows, and spraying was initiated when the optimum point was reached. Infestation was determined for all treatments before each insecticide application: in each experimental plot, the number of insect pest larvae per plant in a sample of 10 plants was counted. Plants were cut at the base and brought to the laboratory where caterpillars were counted and labeled according to the field plot from which they originated. The average number of collected caterpillars per plant was computed and thus the percentage of infested plants. Live caterpillars were maintained individually in laboratory conditions, inside plastic cups containing an artificial diet, in order to observe any parasitoid that might emerge. Twentyfour hours after spraying, the numbers of dead and live insects per plant and infestation level were evaluated by a similar procedure. At harvest, grain yield numbers were recorded.
Statistical analyses
Data from the experiment were analyzed by one-way analysis of variance (ANOVA) using the computer program SISVAR (Ferreira 2000) . Treatment means were compared using the Scott-Knott test (P = 0.05) (Scott and Knott 1974) . Before running the ANOVA, tests were conducted to determine whether the data set met the necessary assumptions. The Burr-Foster Q-test was used to test equality of variance. For testing the normality of the data, the W-test of Shapiro and Wilk was used following the description of both tests found in Anderson and McLean (1974) . Transformations were used to normalize the data as suggested by Ostle and Mensing (1975) . Regression analyses were applied to determine insecticide efficiency and grain yield in relation to insecticide application time.
Results
The number of captured adult insects in the pheromone traps suggested an earlier requirement for the first application of insecticide, using the criterion of 10 d after the first threemoth capture in pheromone traps (Table 1, Figure 1 ). Using the pinhole-type damage criterion at the level of 10% or 20% infested plants, the requirement for control occurred at 17 d and 24 d, respectively. Using the same percentages of infested plants, but based on shot hole-type damage, the requirement for pest control occurred at 34 d and 43 d after the first three-moth capture in the pheromone traps.
Pest infestation before insecticide application varied significantly among treatments. Using the pheromone trap criterion (one application, or first application in the case of two applications), the average infestation level in both plots was similar: 11.7% and 8.3%, respectively. It was also lower than the average found in the other plots, with an average of 45.4% of infested plants (Table 1) . There was no significant difference among these treatments.
As expected, there was a significant reduction of infestation level after insecticide application; however, an infestation level below 2% was verified only for those plots in which the insecticide was applied, based on pheromone trap capture. The average infestation level in plots where the insecticides were applied, based on pinhole or shot hole damage, varied from 11.7%to 15% (Table 1 ). Higher reduction of infestation level on FT plots could be due to earlier stage larvae being more susceptible to the insecticide. Larval mortality was significantly higher on those FT plots, with a minimum of 91% mortality. Using the pinhole and shot hole damage criteria to apply the insecticide, the mortality rate was much less, varying from 61.9% to 78.9%. Although the efficacy of an insecticide could be considered satisfactory in eliminating the insect target, in some cases, it was not sufficient for yield reduction to be avoided altogether. Maize yield varied from 5515 kg/ha (check plots) to 8969 kg/ha (two insecticide applications): a significant difference of 39% between the two averages. We found that two insecticide applications, based on FT criteria, to be the best treatment. These plots provided a significantly better harvest than all the other treatments (Table 1) . A maize yield above 7 metric tonnes per hectare was obtained from insecticide-treated plots based on FT or pinhole damage criteria. Application of insecticide, using the 20% of infested plants exhibiting the shot hole damage criterion, did not prevent yield reduction. A similar yield was obtained from check plots.
Discussion
FAW moths fly to the maize field soon after plant emergence, as indicated by the sex pheromone trap (Figure 1) . At this time, maize seedlings are very susceptible to pest damage and can be killed by the larvae (Cruz 1995) . The first insecticide treatment was applied 10 d after capturing a cumulative number of three moths in pheromone traps. Up to this point, the cumulative number of captured moths was 20. Out of this total, 18 moths were captured within the 6-d period before insecticide application. As the field sex ratio of FAW is ca. 0.5, and the egg incubation period is 3 d (Cruz 1995) , the larval population by the time of insecticide application could be expected to be relatively high, mainly composed of susceptible, early-stage larvae. Indeed, we found that larval mortality exceeded 91% when insecticide was applied during this stage (Table 1) . Insecticide application based on the 10% pinhole damage criterion occurred 7 d later than the application based on FT criteria. At this time, the accumulated number of captured moths was 24, and larvae were older, resulting in a decreased mortality rate of 78.9%. In fact, the efficiency of the insecticide had a negative and linear correlation with spraying time (Figure 2 ). Delaying insecticide application decreased the insecticide's effectiveness and did not significantly reduce the damage due to larval feeding. Consequently, the relationship between time when a conventional insecticide is applied to control larvae of S. frugiperda and maize yield was linear and negative ( Figure 3) . Malo et al. (2001 Malo et al. ( , 2004 tested commercial lures and found that the Chemtica and Trecé lures, used with delta traps, were best for monitoring S. frugiperda males in Mexico, with the Chemtica lure providing the greatest captures of moths, followed by Trecé and Pherotech lures. However, Malo et al. (2001) pointed out that the number of males caught was very low (a mean of 1.37 moths per trap per observation date, or 0.37 male/trap/night) in comparison, for example, to 150 moths/trap/night reported by Gutiérrez-Martínez et al. (1989) in the central area of Chiapas State, Mexico, or elsewhere, where FAW sex pheromone lures have been evaluated (Mitchell et al. 1985; Adams et al. 1989; González and Caballero 1990) . The reason for the low capture of moths reported by Malo et al. (2001) was the low FAW population during the study, once the traps caught a majority of the FAW males (Mitchell et al. 1985; Gutiérrez-Martínez et al. 1989) . Another possibility could be that FAW males from the study region respond less to the commercial sex pheromone lures compared with populations elsewhere. As Figure 1 shows, the number of males caught was also low (a total of 54 adults captured during 64 consecutive days, or 0.84 male/trap/night), but sufficient to generate a larval population sufficiently large to cause significant crop loss, if no control measures were used (Table 1) . This also takes into consideration the low natural enemy population in the area (Figure 4) . In fact, this low population could be expected, once chemical insecticide has been applied in the adjacent area. The existence of at least two races of S. frugiperda ("maize" and "rice") in the New World can lead to misinterpretation about the potential risk of damage to either crop. Both races contain the same three major pheromone components in gland extracts of females, but exhibit differences in both the concentrations and relative proportions of the compounds (Lopez-Edwards et al. 1999; Nagoshi and Meagher 2004; Busato et al. 2004; Virla et al. 2008) . Also, both races may be collected in a single trap containing pheromone (Lima and McNeil 2004; Groot et al. 2008) . Furthermore, it is difficult to determine the predominant race by visual means. However, in Brazil the race separation can be facilitated by the maize or rice cropping system (spatial and temporal distribution) and the feeding habits of the pest. For example, the insect is a key pest of maize, contrary to the situation in rice, where the insect is minor pest. There is no rice production in the area where the experiment was conducted, which is isolated from the main rice production area by a distance of more than 1500 km. Brazil has about 2.8 million hectares of rice, of which about half is located in the south with only one growing season per year, whereas the area under corn is more than 13.4 million hectares, grown over two seasons. Therefore, we assumed that the insects collected in pheromone traps were predominantly of the corn race, and therefore the data obtained are valid for this crop. Furthermore, the pheromone is specific to the corn strain of S. frugiperda and has proved to be efficient in collecting moths (Batista-Pereira et al. 2006) . Hence, the timing of application of a chemical insecticide based on FAW captures in pheromone traps can reduce the amount of plant damage from the pest and protect the yield in maize. In other words, when application of the insecticide is performed earlier, it provides greater efficiency of the control than when applied later in the season. For example, when FAW infestation occurs shortly after plant emergence, which is common in Brazil (Cruz et al. 2010b) , the efficiency of the insecticide and the maize grain yield will be direct and inversely related to application time.
